of the magnetic shielding effectiveness corresponds to (n = 1, l = 2) in the same equation.
Fig. 2 also shows that there is good agreement between the electric shielding effectiveness of the 2-D rectangular cavity with a slot and the measured one of the three-dimensional (3-D) rectangular cavity (40 2 20 2 50 cm) with a aperture (10 2 2 cm) [6] . The reason of this good agreement is that the dominant electric field vector of the long and thin aperture on the 3-D rectangular cavity is perpendicular to the longer side of the aperture and is approximately uniform along the shorter side. This means that the dominant electric field of the aperture on the 3-D rectangular cavity is effectively equal to the electric field inside the slot of the 2-D rectangular cavity with TM-wave. Fig. 3 shows the electric shielding effectiveness of the multiple slotted cavity (a = 1 cm, Ta = 3a, = 20 cm, h = 50 cm, d = 0:4 cm, and = 0 ) at 100 and 600 MHz as varying the number of slots.
Increasing the total area of slots by adding a slot one by one reduces the shielding effectiveness by about 3 dB each time.
IV. CONCLUSION
Electromagnetic wave penetration into 2-D multiple slotted rectangular cavity with TM-wave is investigated. By using the Fourier transform and the mode-matching technique, we obtain a solution in a fastconverging series form. Numerical computations are accomplished to show the shielding effectiveness inside the cavity in terms of the size of the cavity and the slot and the number of slots. 
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High-Gain Low-Sidelobe Double-Vee Dipoles
Neal Patwari and Ahmad Safaai-Jazi
Abstract-This paper introduces a novel variation of the vee dipole antenna consisting of two coplanar vee dipoles with a common feed point. It is referred to as a double-vee dipole. Radiation characteristics of the double-vee dipole antenna are investigated numerically and experimentally. It is shown that the double-vee dipole can provide significantly higher directivity and lower sidelobes and back radiation than the conventional vee dipole. With increasing arm length, the directivity of the double-vee dipole exhibits a series of local maxima. Measured and predicted radiation patterns for a fabricated double-vee dipole are presented and shown to be in good agreement.
Index Terms-Dipole antennas, directive wire antennas, vee antenna.
I. INTRODUCTION
The vee dipole is a well-known geometry developed as a modification to the linear dipole with the aim of increasing its directivity [1] . It has also been shown that by using an arm-shaping technique involving parabolic shapes, the directivity of dipoles can be increased [2] . Double-vee dipole configurations have been investigated for the generation of circularly polarized fields [3] . In such antennas, the vee dipoles have separate feed points and lie in different planes. The double-vee dipole presented here consists of two coplanar vee dipoles with a common feed point. Numerically calculated radiation characteristics and measured far-field radiation patterns are presented in this paper and show that the double-vee dipole can increase directivity and decrease sidelobe level and back radiation compared to the vee dipole. The measurement of the radiation pattern of one double-vee dipole is detailed in this article as a representative case.
II. DESIGN OPTIMIZATION
A double-vee dipole is specified using four independent geometrical parameters, as shown in Fig. 1 . The simulation uses the Numerical Electromagnetics Code v.2 (NEC-2) to perform an exhaustive optimization search. Each possible geometry (with a length granularity of 0.03 and a angle granularity of 1 ) over wide ranges of all four parameters is simulated. The exterior arm length is varied over a range of 1:0 < L1 < 3:0, while the interior arm is kept shorter than exterior arm to limit the footprint: 0 < L2 < L1. The angle of the exterior arm is varied over a range of 3 < 9 1 < 90 , while the interior arm angle 92 is always at least 3 smaller than 91. Allowing the arm wires to be closer than 3 to each other would make the antenna difficult to fabricate and also lead to numerical inaccuracies in NEC-2 simulation results. After tabulating all of the simulation results, geometries are found that produce the highest directivity for each exterior arm length L 1 : In Fig. 2 , this directivity is plotted. Also plotted, for comparison, is the NEC-2 predicted directivity of a conventional vee dipole with length L 1 and the optimum angle given in [1] .
III. RADIATION CHARACTERISTICS
The results in Fig. 2 show that the directivity of the double-vee dipole can be as much as 2.2 dB higher than the conventional vee dipole with the same arm length. It is further observed that as a function of L1, the directivity of the double-vee dipole exhibits a series of local maxima. The geometries of the double-vee dipoles corresponding to the four local maxima in Fig. 2 are referred to here as the optimum solutions and are described in Table I . An antenna designer should use these geometrical parameters to take full advantage of the higher directivity and lower sidelobe and backlobe radiation levels that are possible with the double-vee dipole.
The average front-to-back ratio for the four optimum solutions listed in Table I is 10 dB. For the smallest optimum solutions (#1 and #2), the backlobe is lower than the other sidelobes. With each larger optimum solution, the backlobe radiation level increases while the other sidelobe levels decrease. Overall, the beamwidth decreases and the directivity increases, even as the front-to-back ratio decreases. The backlobe radiation level of the double-vee dipole is about 7 dB lower than that of a conventional vee dipole [1] . It is particularly interesting that the optimum solutions have L 1 and L 2 that increment by approximately =2
for each larger solution. It can be inferred from these results that even larger, more directive optimum solutions can be found by successively raising L 1 and L 2 by /2 and then finding the optimum 9 1 and 9 2 .
The input impedance has a significant reactive component that arises from the resonant nature of the double-vee dipole. The real and imaginary parts of the input impedance are about 400 and 100, respectively, at the center frequencies of optimum solutions two, three, and four. Fig. 3(b) shows the input impedance of a double-vee dipole designed for optimum solution #3 at a center frequency f c = 300 MHz.
To show the effects of the input impedance on the bandwidth, the an- tenna is matched to a 300 transmission line by means of a short-circuit single-stub tuner. The tuner is arranged such that the double-vee dipole is perfectly matched to 300 at the antenna's center frequency. Fig.  3 (a) plots the directivity of the antenna and the antenna system gain (the directivity minus the reflection loss) versus frequency. The 3-dB bandwidth of each optimum solution double-vee dipole, assuming that a short-circuit single-stub tuner is used for perfect matching at f c is given in Table I . Note from Fig. 3 (a) that a double-vee dipole designed for maximum directivity at 300 MHz can also be operated at other frequencies. Different multiband characteristics are possible with each optimum solution.
Measurements of all four optimum solution double-vee dipoles were conducted. Each was constructed using aluminum wire with a diameter of 3 mm and mounted on thin cardboard. The double-vee dipole at the optimum solution #1 was constructed with = 20 cm and measured at 1.5 GHz and was presented in the preliminary phase of our research [4] .
The other three double-vee dipoles were built with = 12:5 cm and measured at 2.4 GHz. Fig. 4 shows the measured far-field E-plane pattern in decibels for optimum solution #3. The measured and predicted half-power beamwidths are the same at 18 . The measured back radiation level is more than 10 dB below the main lobe peak. Also shown in Fig. 4 are the numerically calculated radiation patterns from NEC-2. The measured and predicted patterns for all four optimum solutions show similar agreement.
IV. CONCLUSIONS
The double-vee dipole is as compact and low-cost as the vee dipole but has significant advantages. In this paper, a series of optimum solutions for the double-vee dipole are presented that yield sidelobe and backlobe radiation level reductions of up to 7 dB and directivity increases of 2.2 dB compared to the vee dipole. The double-vee dipole is also shown to be well suited for multiband operation. Radiation properties of the optimum solutions are investigated both numerically and experimentally. Since measured results accurately match numerical results, the double-vee dipole promises simple and predictable design and construction. The calculated and measured results both suggest that the double-vee dipole is a promising candidate for applications, where the bandwidth requirement is modest and higher gain and lower sidelobe and backlobe levels are desired to reduce interference effects and, hence, improve the quality of information signals.
